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1.	 Although	 vertebrates	 have	 been	 reported	 to	 gain	 higher	 reproductive	 outputs	











external	 traits	 used	 in	mate	 choice	 and	 contributions	 to	 reproductive	 outputs.	











management,	 which	 could	 hinder	 recovery	 of	 threatened	 species.	 Our	 results	
show	that	mate	choice	can	play	an	important	role	in	improving	reproductive	out-
put,	with	an	example	in	which	an	endangered	bird	selects	mates	using	UV	visual	
capability.	 Despite	 the	 undoubted	 importance	 of	 pedigree-based	 matching	 of	
mates	 in	 conservation	programmes,	we	 show	 that	 free	mating	 can	be	 a	 better	
alternative	strategy.














Most	 ex	 situ	 conservation	 breeding	 programmes	 use	 artificial	
pair	matching,	which	excludes	natural	mate	choice.	The	crested	ibis	
(Nipponia nippon)	 (Pelecaniformes;	 Threskiornithidae),	 classified	 as	
endangered	by	the	IUCN	(IUCN,	2018),	has	been	the	focus	of	doz-












I	contains	 five	genes,	of	which	only	one	 locus	 (called	UAA	hereaf-
ter)	is	functionally	polymorphic	(i.e.	with	nonsynonymous	mutations	




DAB-DBA1/DBB1-DBA2/DBB2-DBA3/DBB3).	Each	pair	of	α and β 
genes	(e.g.	DAA/DAB)	encodes	one	kind	of	MHC	protein	molecule,	
called	 a	 dyad	 (Chen	 et	 al.,	 2015).	 Seven	MHC	haplotypes	 [combi-
nations	of	different	alleles	at	the	two	functionally	polymorphic	loci	
(UAA	and	DAB)]	have	been	previously	identified	(Lan,	2014).
Previous	 research	 on	 genetic-based	 mate	 choice	 in	 birds	 has	
combined	 quantification	 of	 individual	 genetic	 diversity	 and	 be-







(e.g.	 nest	 building,	 hatching	 and	 brooding),	 we	 examined	 possible	
mechanisms	in	both	sexes.
We	used	genetic	information	for	each	MHC	class	(UAA,	DAB)	and	
for	 overall	MHC	haplotype	 to	 examine	 three	possible	mate	 choice	
patterns:	choice	for	MHC	dissimilarity,	choice	for	MHC	heterozygos-
ity	and	choice	for	specific	MHC	alleles	(or	haplotypes).	If	free-mating	
birds	 favour	 MHC-dissimilar	 mates,	 then	 observed	 breeding	 pairs	
should	 show	 higher	 MHC	 dissimilarity	 than	 expected	 for	 random	
mating.	 If	 they	 prefer	 mates	 with	 high	MHC	 heterozygosity,	 then	
observed	 breeding	 birds	 should	 show	 higher	MHC	 heterozygosity	
than	randomly	selected	individuals.	Alternatively,	if	free-mating	birds	
favour	mates	with	specific	MHC	alleles,	then	such	alleles	should	be	







MHC	 diversity	 is	 correlated	 with	 facial	 mask	 size	 or	 bib	 bright-










We	analysed	 the	 relationships	 between	 crested	 ibis	MHC	vari-
ation,	external	 traits	and	mate	choice	to	explore	whether	the	birds	
use	 external	 traits	 in	 mate	 selection.	 Adult	 crested	 ibises	 display	
unique	nuptial	plumage	coloured	by	a	black	colorant	substance	se-
creted	from	a	patch	of	black-pigmented	neck	skin.	Adult	birds	start	
to	secrete	 this	colorant	 just	before	 the	beginning	of	each	breeding	
season	and	transfer	it	to	their	feathers	by	rubbing	their	necks	against	





enhanced	 reproductive	outputs.	 If	assortative	mating	 results	 in	se-
lection	of	 good	genes,	 then	P-P	pairs,	 in	which	both	parents	 carry	
K E Y W O R D S
conservation,	major	histocompatibility	complex,	mate	choice,	reproductive	outputs,	visual	
cues





















Wild	 and	 semi-natural	 crested	 ibises	 were	 free	 to	 choose	 mates,	
while	captive	crested	 ibises	were	artificially	matched	with	a	single	
mate	based	on	pedigree.
2.2 | Sampling and data collection
We	conducted	field	observations	of	the	wild	population	in	all	four	
years	 from	early	February	before	 the	birds	 started	 to	build	nests.	
We	captured	all	observed	breeding	and	nonbreeding	wild	birds	using	
mist	 nets	 and	 collected	 blood	 samples	 for	 extraction	 of	 genomic	













Daily	 field	 surveys	were	conducted	when	wild	couples	 started	








and	 60	 captive	 artificially	 matched	 pairs	 recorded	 by	 the	 Deqing	
Crested	Ibis	Breeding	Centre.
2.3 | Genotyping











are	 shown	 in	 Table	 S3.	 We	 also	 calculated	 the	 g2	 value	 (Patrice,	
Benoit,	Frédérique,	Vincent,	&	Jérome,	2007)	of	the	wild	population	
using	 the	R	 package	 inbreedR	 (Stoffel	 et	 al.,	 2016)	 and	 found	 the	
wild	birds	 to	be	 significantly	 inbreeding	 (p	 =	 .01,	 Table	 S4),	which	






MHC	 dissimilarity	was	measured	 by	 the	 number	 of	 shared	 alleles	
(Sxy),	 antigen-binding	 site	 (ABS)	 amino	 acid	 evolutionary	 distance	




















random	pairings	 drawn	 from	 the	 same	 set	 of	male	 and	 female	 in-
dividuals.	Specific	steps	were	as	 follows:	 (a)	we	randomly	selected	
n	males/females	from	all	breeding	and	nonbreeding	males/females	
at	 the	breeding	site	each	year,	where	n	 is	 the	number	of	breeding	
males/females	 in	 that	 year.	 (b)	We	averaged	 the	genetic	 values	of	













to	 perform	 all	 analyses.	 All	 tests	 were	 two-tailed,	 and	 p <.05 was 
considered	 as	 significant.	 A	 binary	 logistic	 regression	 analysis	 was	
performed	to	investigate	the	effect	of	male	MHC	and	microsatellite	
heterozygosity	(as	a	covariate)	on	male	breeding	status.	We	collapsed	
bill	 length	and	 tarsus	 length	 to	a	single	measure	of	body	size	using	


















variation	and	breeding	status,	 respectively	 (i.e.	 the	mate	choice	of	
the	opposite	sex).
Generalized	linear	modelling	(GLM)	was	employed	to	examine	the	
impacts	 of	 parental	MHC	 types	 on	 reproductive	 outputs.	We	 used	
MHC	multi-locus	heterozygosity	to	represent	paternal	MHC	hetero-
















chi-square	 tests	 to	 compare	 fledging	 rate	 among	 pairs	 of	 different	
MHC	combinations	and	among	pairs	of	different	populations.
3  | RESULTS

















In	 contrast	 to	 males,	 breeding	 females	 did	 not	 show	 higher	
MHC	 heterozygosity	 than	 randomly	 selected	 females	 (Figure	 S3)	
but	 showed	 significantly	 lower	 DAB*d	 allele	 frequency	 (p	 <	 .001,	
Figure	1g)	and	ht03	haplotype	frequency	(p	<	.001,	Figure	1h).
3.2 | Visual cues in mate choice
We	further	examined	whether	the	external	traits	of	plumage	reflec-
tance	 (total	 reflectance	 and	UV	 reflectance)	 and	 body	morphology	




(Table	 S6,	 Figure	 S4),	while	 female	DAB*d	presence	was	negatively	
correlated	with	body	morphology	(Figure	3c,	d)	but	not	with	colorant	
reflectance	(Table	S7).
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We	found	that	DAB	heterozygous	males	secreted	significantly	
darker	 nuptial	 plumage	 colorant,	 with	 lower	 total	 reflectance	
(t	=	−4.01,	df	=		58,	p	<	.01)	and	UV	reflectance	(t	=	−5.71,	df	=	58,	


















3.3 | Offspring viability and parental MHC
Our	GLM	 analyses	 showed	 preferred	MHC	 genotypes	 to	 be	 asso-










fledglings	 (slope	 =	 1.03,	 SE	 =	 0.39,	 p	 =	 .01).	We	 assume	 the	 latter	



















fledglings,	 significantly	 fewer	 than	 semi-natural	 free-mating	 pairs	








mately	 41.1%,	 significantly	 lower	 than	 in	 semi-natural	 free-mating	





Our	 results	 show	 that	 crested	 ibises	 exhibit	 mutual	 MHC-based	
mate	 preferences	 that	 may	 rely	 on	 external	 visual	 cues,	 and	 that	
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correlate	 positively	 with	 enhanced	 offspring	 production	 and	 vi-
ability.	 Female	 crested	 ibises	 preferred	MHC-heterozygous	males,	
which	might	be	identified	by	their	darker	nuptial	plumage,	and	such	
matings	 yielded	more	 fertilized	 eggs	 and	 fledglings.	Male	 crested	
ibises	 preferred	DAB*d-free	 females,	whose	 genotypes	 correlated	
with	larger	average	body	size	and	mass,	and	such	matings	resulted	in	
more	and	heavier	eggs,	and	more	fledglings.
Female	 preference	 for	 male	 heterozygosity	 applied	 specifi-
cally	 to	MHC	genes	 and	 not	 to	 genome-wide	microsatellite	mark-
ers.	MHC	heterozygosity	 is	expected	to	confer	higher	fitness	than	




















DAB	heterozygosity Total 4.57 1.74 12.06
Total	reflectance −0.20 −2.58 1.96
UV	reflectance 4.77 1.48 11.96
UAA	heterozygosity Total 4.50 1.92 11.69
Total	reflectance −0.11 −2.60 1.75
UV	reflectance 4.61 1.81 11.02
Haplotype	heterozygosity Total 5.18 2.02 16.37
Total	reflectance −0.20 −2.85 2.18
UV	reflectance 5.38 1.82 16.07
Multi-locus	heterozygosity Total 5.97 2.23 20.18
Total	reflectance −0.19 −3.06 2.42
UV	reflectance 6.16 2.15 18.80
Female	(N	=	39)
DAB*d	presence Total −33.05 −67.00 −21.09
Body	size −2.19 −9.85 0.09
Body	mass −30.86 −61.93 −18.38
Note: Dependent	variable:	breeding	status;	5,000	bootstrap	samples.	A	separate	analysis	was	
conducted	for	each	independent	variable.
TA B L E  1   Indirect	effects	of	MHC	
variation	on	breeding	status	through	
external	cues
TA B L E  2  Correlations	between	parental	age/MHC	types	and	measures	of	reproductive	output
Predictors
Clutch size (N = 68)
Number of fertilized eggsa 
(N = 68)
Mean egg initial weight 
(N = 41) Number of fledglings (N = 68)




0.23 0.18 .19 −0.43 0.44 .33 4.00 1.44 <.01 0.82 0.32 .01
Paternal	MHC	heterozygosity
0.5 0.10 0.23 .66 0.27 0.47 .57 −2.51 2.16 .25 0.69 0.41 .09
1 0.23 0.20 .24 0.90 0.40 .02 0.31 1.63 .85 1.09 0.33 <.01
Maternal	age
Group	2 0.69 0.18 <.01 −0.42 0.43 .32 −3.09 1.86 .10 1.03 0.39 .01
Group	3 0.08 0.21 .69 −0.06 0.47 .90 −3.93 2.02 .05 0.66 0.42 .12
Paternal	age
Group	2 0.14 0.18 .46 0.08 0.39 .85 2.52 1.71 .14 −0.12 0.39 .75
Group	3 0.25 0.24 .30 −0.24 0.57 .67 2.00 1.95 .30 −0.23 0.53 .67
Year 0.03 0.07 .66 0.04 0.16 .80 −0.04 0.79 .96 0.14 0.14 .33
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males	 also	 provided	 parental	 care,	 and	 female	 selection	 of	 males	
based	 on	 individual	 fitness	 should	 result	 in	 mates	 better	 able	 to	
provide	breeding	resources	(e.g.	food,	nest	material	and	protection	
against	predators).	Our	results	also	showed	that	male	MHC	hetero-
zygosity	was	associated	with	 increases	 in	 the	number	of	 fertilized	
eggs	 and	 fledglings,	 indicating	 that	 heterozygous	males	 copulated	
with	 their	 mates	 more	 frequently	 and	 could	 afford	 to	 raise	 more	
offspring.
Matches	 between	 MHC-dissimilar	 parents	 are	 expected	 to	
generate	more	heterozygous	offspring	and	 thus	 improve	offspring	































Vertebrates	 advertise	 “good	 genes”	 through	 different	 kinds	 of	
cues	 (Johansson	 &	 Jones,	 2010;	 Ziegler,	 Kentenich,	 &	 Uchanska-
Ziegler,	2005).	 In	mammals	and	 fishes,	which	have	well-developed	
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olfactory	systems,	MHC	can	regulate	body	odour	by	encoding	vol-





and	 individual	 traits	 have	 previously	 been	 found	 in	 some	 species	









that	melanin	may	 be	 an	 important	 component.	 Lower	 reflectance	
from	plumage	typically	indicates	a	higher	proportion	of	melanin,	the	
amount	of	which	 is	positively	correlated	with	 individual	body	con-
dition	 and	 immunocompetence	 (Roulin,	Dijkstra,	 Riols,	 &	Ducrest,	












condition,	 which	 is	 determined	 by	 other	 factors.	 Future	 studies	
could	use	manipulative	experiments	 to	establish	 the	causal	 rela-
tionships	 underlying	 these	 patterns.	 For	 example,	 manipulation	
of	 breeding	 coloration	 through	dietary	 supplement	or	 direct	 ex-
















spring	viability	 (Viblanc	et	al.,	2016).	 In	crested	 ibis,	although	both	
parents	are	 involved	 in	some	breeding	activities	 (e.g.	nest	building	
and	 brooding),	 other	 activities	 differ	 between	 the	 sexes.	 For	 ex-
ample,	 only	 females	 can	 directly	 contribute	 nutrients	 for	 embryo	
development,	while	males	collect	most	of	 the	nest	material	 (Shi	&	
Cao,	2001).	These	sex-specific	or	sex-biased	reproductive	traits	are	
likely	 to	be	 targeted	 in	mate	choice.	For	example,	 the	DAB*d-free	
females	preferred	by	males	tend	to	be	larger	and	heavier,	and	to	lay	
more	and	heavier	eggs	than	DAB*d-carrying	females.	Similarly,	the	
MHC-heterozygous	males	 preferred	by	 females	 are	better	 able	 to	
conceal	themselves	and	to	find	nest-building	resources.	In	addition,	
number	of	fertilized	eggs	was	positively	correlated	with	male	MHC	
heterozygosity,	 indicating	 the	 importance	 of	male	 vigour	 in	 siring	
more	offspring.
We	 compared	 reproductive	 outputs	 to	 explore	 whether	 pairs	
from	different	contexts	 (i.e.	wild,	semi-natural	and	captive	popula-
tions)	perform	differently.	Our	 results	showed	that	wild	and	semi-
natural	 free-mating	 pairs	 yielded	 significantly	 higher	 reproductive	
outputs	 than	captive	artificially	matched	pairs.	There	may	be	mul-








some	exposure	 to	 tourists,	which	could	 result	 in	 stress	 responses,	
endocrine	 disorders	 and	 decreased	 reproductive	 performance.	
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